While the role of platelets in hemostasis is well characterized from a biological perspective, the biophysical interactions between platelets and their mechanical microenvironment are relatively unstudied. The field of cellular mechanics has developed a number of approaches to study the effects of extracellular matrix (ECM)-derived mechanical forces on various cells, and has elucidated that integrin-cytoskeleton-mediated force transduction governs many cellular processes. As platelets adhere and spread via similar molecular machinery that enables other cells to mechanosense and mechanotransduce forces from their biophysical microenvironment, platelets too are likely governed by the same overarching mechanisms. Indeed, recent platelet mechanobiology studies have revealed that key aspects of platelet physiology and activation are regulated by the mechanical and spatial properties of the ECM microenvironment. At the same time, there are also key differences that make platelets unique in the world of cells--their size, origin as megakaryocyte fragments, unique αIIbβ3 integrin--render their mechanosensing activities particularly interesting. The structurally "simple," anucleate nature of platelets coupled with their high actin concentration (20% of total protein) and integrin density [1] seem to make them ideal for mechanical force generation and transmission. Further studies will enhance our understanding of the role of platelet mechanobiology in hemostasis and thrombosis, potentially leading to new categories of diagnostics that investigate the mechanical properties of clots to determine bleeding risk, as well as therapies that target the mechanotransduction signaling pathway to alter the stability of clots.
INTRODUCTION
Decades of research have elucidated the role of platelets in hemostasis and thrombus formation, and have identified key biological agonists that modulate these processes [2] . However, platelets also exist in and interact with a diverse and dynamic biophysical environment. Indeed, platelets are known to sense and mechanotransduce the hydrodynamic forces of the circulation into biological responses, but efforts have primarily focused on the effects of the shear environment on platelet aggregation and activation [3, 4] . In addition to a dynamic fluidic environment, platelets are also exposed to a myriad of extracellular matrices (ECM), including various collagen subtypes and fibrin/fibrinogen. While the platelet-ECM interface has been well characterized biologically, growing evidence suggests that these interactions may be biophysical in nature as well.
The nascent field of cellular mechanics has recently made remarkable strides in unraveling how cells biologically respond to physical forces. This interdisciplinary field seeks to quantitatively characterize the mechanobiology of how cells respond to dynamic forces, strains, and substrate geometries and rigidities in order to elucidate the underlying mechanisms by which cells sense and respond to the mechanical properties of their microenvironment. To those ends, researchers in this area have developed novel techniques and approaches to investigate mechanosensing and mechanotransduction for a wide range of cell types and cellular processes [5] [6] [7] . Now is an opportune time for experimental hematologists to leverage key cellular mechanical concepts and techniques to explore biophysical questions related to platelet physiology that were once technologically infeasible. In this review, we discuss how mechanobiology drives the underlying molecular machinery for mechanotransduction; several key cellular mechanics techniques and approaches, and their application to different cell types and processes; and how these concepts ultimately are relevant to platelet physiology and activation.
THE MOLECULAR MECHANISMS OF MATRIX MECHANOSENSING AND MECHANOTRANSDUCTION
Paramount to the communication between cells and the extracellular environment, both in regards to the biochemical and biophysical responses, is the cell cytoskeleton. The architecture of the cytoskeleton of a nucleated mammalian cell is comprised of three distinct polymers--microtubules, actin filaments, and intermediary filaments-that enable cells to resist deformation. The dynamic assembly and disassembly of these polymers enable processes such as mitosis, motility, and shape change. While serving distinct functions independently, these polymers also work in concert to regulate and respond to mechanical forces. The ECM and its components are connected to and communicate with the cellular cytoskeleton via transmembrane heterodimers known as integrins. The integrin is a key player in mechanotransduction, as the beta-subunit binds actin filaments intracellularly via actin binding proteins such as talin, and their alpha-subunit binds extracellular ligands such as fibrinogen; integrins are involved with both outside-in and inside-out signaling. Ligandbound integrins cluster into complexes known as focal adhesions (FAs) where additional structural and signaling proteins are concentrated [8] . The force transmission mechanism by integrins has been studied extensively by way of the traction force--the tension that actin stress fibers bear at FAs. Importantly, it has been found that cell traction forces scale with FA size as well as the mechanical stiffness of the underlying ECM substrate [9, 10] . One downstream cell response to integrin-mediated ECM stiffness sensing is the restructuring of actin filaments within the cytoskeleton by a family of proteins known as GTPases [11] . RhoA GTP signaling controls the phosphorylation of the myosin light chain, thereby enhancing myosin contractility and controlling cytoskeletal tension [12] . This tension promotes the formation of stress fibers and focal adhesions by Rho associated kinase (ROCK) to maintain cell integrity. If myosin activity is inhibited, and force is applied externally, focal adhesions are nevertheless formed by way of a secondary Rho target, mDia1. This implies that external forces are sufficient to activate the Rho signaling pathway and cause cytoskeletal reorganization [13] . Another GTP binding protein, Rac, causes actin polymerization, which leads to the formation of lamellipodia, and allows for environmental sensing and motility [14] .
While the overall mechanobiological cell response to integrin binding has been characterized, the immediate force sensing mechanism at the integrin level is less clear. Several general mechanisms for integrin mechanosensing have been proposed [15] : catch bonds, whereby the ECM-integrin bond strengthens in the presence of force [16] ; channel opening, in which membrane stretching leads to an increase in the intracellular concentration of an ion, such as Ca 2+ , and results in increased traction force [10] ; enzyme regulation, where the increase in the activity of an enzyme such as focal adhesion kinase mechanically regulates the cytoskeletal response [17] ; exposure of phosphorylation sites, in which membrane stretching causes a conformational change in proteins that allows for their phosphorylation [18] ; and exposure of binding sites, whereby membrane stretching enhances the binding of proteins, such as vinculin, to cytoskeletal proteins [19] . Depending on the cell type and ECM composition, it is plausible that a number of these mechanisms act in concert or in succession in response to ECM rigidity. For instance, Moore et al proposed that force induced cytoskeletal organization could begin with integrin binding to the ECM causing phosphorylation sites on Src kinases to be exposed [15] . The subsequent activation of Src kinases would lead to integrin-cytoskeletal binding via talin [20] , at which point the ECMintegrin catch bond would stretch the cell cytoskeleton, change the conformation of talin, and increase vinculin binding [19] . Finally, by way of cytoskeleton bound vinculin there would be a localized increase in structurally reinforced actin filaments [21] . The integrin connections between the cellular microenvironment and the cell are thus force mechanosensors: the rigidity of the ECM directly translates into a cascade of molecular responses that are known to regulate diverse cellular functions such as metastasis, differentiation, proliferation, and apoptosis. Importantly, as several of these signaling pathways are already known to be involved in platelet activation, such as Rho A being instrumental in platelet shape and Src kinase activation for platelet spreading [22, 23] , it is plausible that the same integrin-ECM mechanotransduction mechanisms exist in platelets as well.
TOOLS OF THE TRADE
A number of tools and techniques have been developed to study cellular mechanics and mechanotransduction in a variety of biological systems. While some are conceptually simple, others are technologically complex. These techniques all aim to determine the relationship between internally and externally derived forces and their corresponding cellular biological responses.
Matrix Manipulation
The simplest means to alter a cell's biophysical environment is by controlling the substrate with which it interacts. For example, simply changing the geometry of the substrate in shape and/or dimension can direct cell differentiation, proliferation, and apoptosis [6, 24] . The microenvironmental geometry of the cellular environment can be manipulated by microcontact printing of ECM proteins, which conceptually is similar to using stamps and inkpads, but at the micro/nanoscale. These techniques typically leverage micropatterned templates that are fabricated via soft lithography, in which microscopic patterns with desired shapes and sizes are transferred from a silicon wafer to a silicone polymer, namely polydimethylsiloxane (PDMS), and the resulting PDMS pattern is used to stamp ECM proteins onto a flat surface, such as a glass coverslip or gel [9, 25] ( Figure 1A ). Numerous papers have described how simple geometric constraint of the ECM patterns mediates key cellular processes. For example, when mesenchymal stem cells (MSCs) that are driven to differentiate into osteoblasts in the control condition are geometrically confined, they differentiate instead into adipocytes. This process is dependent on mechanical signaling through the RhoA pathway, as RhoA is more highly expressed in the spread osteoblasts, and the exogenous addition of active RhoA causes differentiation into osteoblasts regardless of the presence of adipocyte specific soluble differentiation factors [26] .
Likewise, by mechanically straining a cell substrate uniaxially, biaxially, or equiaxially the phenotype and biochemical response of cells is affected [27] . For example, when exposed to cyclical strain, smooth muscle cells display an upregulation in contractile markers [28] . Kurpinski et al further showed that MSCs express smooth muscle markers when exposed to stretch parallel, but not perpendicular, to the direction of cell growth [27] . This implies that force sensing for differentiation is directionally dependent.
Finally, as mentioned above, the mechanical properties of the ECM itself can mediate cell adhesion, differentiation, spreading, and motility [5] . This phenomenon can be replicated experimentally by conjugating controlled amounts of ECM proteins atop gels comprised of polyacrylamide or alginate. The stiffness can be modified by varying the gel crosslinking, while the surface ECM chemistry remains unchanged. Thus this technique enables the uncoupling of the mechanical and biochemical properties of the ECM [29] . Alternately, the stiffness can be tuned in a concentration independent manner by exposing the matrix to external stress [30] . Further, Kotlarchyk et al devised a system by which a stiffness gradient can be created within a single fibrin gel [31] .
Researchers have utilized this technique to study how different cell types respond to different ECM rigidities. For example, Engler et al reported that MSC differentiation is controlled by the elasticity of the matrix they are grown on. In identical serum, the stiffest collagen coated polyacrylamide gels gave rise to an osteogenic phenotype, while the most elastic resulted in neurogenic cells. The ability of non-muscle myosin II inhibitors to block differentiation suggests that focal adhesions and the cytoskeleton are responsible for this stiffness sensing [32] . Recently, it was also found that as the cellular matrix becomes more stiff, lamin-A is more highly expressed in the nucleus. Additionally, the presence of lamin-A seems to direct differentiation by enabling myosin and actin activity [33] .
AFM -atomic force microscopy
Conventionally, atomic force microscopy (AFM) allows for precise high-resolution imaging of substrates down to the nanometer scale by probing the surface with a mechanical cantilever. The applications for AFM have been expanded to mechanical measurements whereby a cantilever of known spring constant is brought into contact with a substrate, and its subsequent deflection is related to force. AFM has thus been used to measure elasticity and stiffness of various cell components under varied environmental conditions [34, 35] . Using AFM, Rotsch et al found the stiffness of cell protrusions to be similar to that of the edge of the cell, thereby showing that filopodia are active sites of actin polymerization [36] . Chaudhuri et al further found that branched actin networks initially stiffen with applied force, but progressively soften as the load increases. A reduction in force returns the network to its original stiffness, suggesting that actin polymers buckle under stress but can "unbuckle" because the overall branching actin network is still present. This action enables dynamic remodeling of the actin cytoskeleton in response to stress [37] .
Optical traps/tweezers
Optical traps employ a highly focused laser beam to hold and manipulate dielectric particles; and the intensity gradient of the laser physically holds the particle at its center [38] . Force application causes displacement of the particle from the beam center, and at small displacements, the restoring force of the beam can be modeled as a Hookean spring. By attaching a dielectric bead to the object of interest (DNA, cell, etc), trapping the bead in the beam, and manipulating the bead position, mechanical quantities such as elasticity and bond force can be measured from subnanometer deflections yielding precise force measurements down to the piconewton level [39] . For example, using fibronectin-coated beads in contact with fibroblasts, the integrin-fibronectin binding force at different stiffnesses was measured, and the researchers found that fibroblasts sense matrix stiffness and respond with proportional force at the integrins [16] . In a later study, preferential and increased binding of integrins to fibronectin beads at the leading edge of fibroblast lamellipodia was observed, indicating that saturating ligand-cytoskeleton-matrix binding at the leading edge allows cells to pull maximally on the matrix for motility [40] .
Microdevices and Microfluidics
While AFM and optical tweezers provide precise measures of nano-scale forces, the measurement of individual events using these tools are time intensive and suffer from low throughput. Researchers have thus turned to microfabrication to increase measurement throughput. Using techniques from the microelectronics field led to a process known as soft lithography, where micron sized features can be patterned from silicon wafers onto PDMS microdevices that can be coated with adhesive proteins and biomolecules [41] . To measure the traction forces of individual cells, cells are allowed to settle on PDMS micropillars, of which the mechanical properties are known a priori. When the cells adhere and contract, the deflections of the pillars, which now act as springs, are measured and the resultant forces can be calculated [42] (Figure 1B) . Further, by placing magnetic wires in the pillars, one can apply an external force using a magnetic field and measure the cell's response. Using this device, Sniadecki et al found that there is a size increase in focal adhesions at the location of the applied force. Cell contractility, on the other hand, was affected more globally, as decreased forces were measured along the periphery of the cell [43] .
For measuring hydrodynamic forces as well as adhesion to a substrate under flow, channels can be patterned into the PDMS, bonded to glass, and the resulting "microfluidic channels" can be used to interrogate biological properties. Microfluidics allow for the use of small sample volumes and provide maximal control of environmental factors when studying in vivo processes [44] . Yap and Kamm used microfluidic channels to show that neutrophils become mechanically distorted in narrow, high shear channels. The time to pseudopod projection (activation of neutrophils) was inversely correlated with increasing shear stress, implying that the response is modulated to the magnitude of mechanical force. Additionally, it was found that post-deformation, the cells nearly regained their resting cytoskeleton mechanical properties but in a deformed geometry, suggesting a role for actin depolymerization during shear activation [45] . Microfluidic channels can also be combined with micropatterning to simultaneously investigate multiple means of mechanical force sensing [46] . Indeed, microfluidics have recently entered the experimental hematology sphere, and have enabled novel studies of platelet aggregation and cellular interactions in sickle cell disease under physiological hemodynamic conditions, but these studies are beyond the scope of this review [47] [48] [49] [50] . This technique has recently been further modified to enable endothelial cells to be cultured within the microchannels, improving physiologic relevance of these systems. Several groups have reported "endothelialization" of microfluidics to recapitulate the microvasculature for system level studies of thrombosis, sickle cell disease, angiogenesis, and other disease processes [50] [51] [52] .
PLATELET MECHANICS AND THE ECM MICROENVIRONMENT
As described above, recent work in the field of cellular mechanics have begun to unravel the molecular machinery for mechanotransduction in a variety of mammalian nucleated cells. The sensing mechanisms across cell types are generally integrin mediated and involve restructuring of the cytoskeleton by actin reorganization. As platelets adhere and spread via similar mechanobiological machinery, it is not unreasonable to posit that platelets too physiologically respond to their external environment. To that end, several groups have applied techniques described above to quantitatively investigate the cellular mechanics of how platelets respond to their matrix microenvironment. These and future studies using similar approaches will yield new biophysical insight in hemostasis and thrombosis.
Fibrinogen-Integrin Bond Strength
As mentioned above, the ECM-integrin interaction is key in cellular mechanics and recent work has focused on the mechanics of the binding between the platelet αIIbβ3 integrin and fibrinogen. For instance, Litvinov et al used optical tweezers to measure the binding strength and activation state of individual integrin-fibrinogen pairs for purified proteins as well as for activated platelets ( Figure 1C) . Importantly, αIIbβ3 integrin was found to be present in either an on or an off state, where the probability of binding was increased with an increase in "on" integrins, but the adhesion strength of 80-90 pN of the pair was always conserved for molecule and cell surface experiments. Likewise, both a weak agonist (ADP) and a strong agonist (TRAP) produced the same adhesion strength, implying that different agonists result in the same affinity for αIIbβ3 binding to fibrinogen [53] .
Platelet Contractile Force
Platelets contract after initial aggregation leading to clot retraction and stabilization. To measure the overall force of platelet aggregates, Liang et al. allowed platelets to bind to microfabricated pillars, stimulated them with thrombin, and visualized pillar deflection by the formed microclots. It was found that the contractile force was similar on fibrinogen and fibronectin coated pillars, implicating the role of the αIIbβ3 ligand. Interestingly, without the presence of a fibrin network, individual platelet force was estimated as 2.1 nN, ~1000-fold higher than previous measurements, yet still ~100-fold lower than adherent cells [54] . However, when force per cell volume is considered, platelet force is found to be an order of magnitude higher. Single platelet contractile force and elasticity measurements have also been reported using a modified side view AFM technique, which also enables kinetic measurements of platelet contraction at then single cell level. In this technique, the platelet is positioned between the fibrinogen-coated AFM tip and a fibrinogen-coated substrate, modeling the interaction between two platelets or a single platelet intermeshed within a fibrin network. Upon adherence and spreading onto both surfaces, actin fibers spanned between them and single platelet contraction occurred nearly instantaneously reaching its average maximum force of ~29 nN after ~10-15 minutes. Furthermore, as the stiffness of the cantilever was increased, mirroring an increase in stiffness of the clot microenvironment, the contraction force increased as well. Additionally, platelet stiffness and adhesion increased as the platelet contractile force increased. These results suggest that platelets mechanosense the microenvironment and act to ensure uniform clot contraction, as well as provide additional structural support to clots, corroborating previous reports that plateletrich clots are stiffer than those that are platelet-free [55] . Overall, these studies collectively reveal that platelet contraction is mediated by mechanotransduction of the mechanical microenvironment.
Platelet Adhesion and Aggregation
Mechanotransduction of forces in platelets has previously been limited to thrombus formation in response to fluid shear. Standard flow chamber assays for platelet adhesion under flow have been translated to microfluidics, where total required blood volume is reduced [56] , and seminal studies using these novel platforms have recently been published. For example, using microfluidics with geometric characteristics that model a stenosis, the shear gradient (the change from high shear rate at the stenosis to low shear rate directly thereafter) has been observed to be the main effector of platelet aggregation, independent of platelet agonists. At the point of high shear rate, membrane tethers are formed which allow for transient binding of platelets, while the low shear region directly following causes restructuring of tethers that allows for more stable thrombi formation. Soluble agonists were then found to stabilize the already formed clots. This supports clinical data showing that although aspirin and other agonist inhibitors greatly reduce thrombus formation, they are not able to prevent thrombosis altogether [57] .
To investigate the biological response of platelets to physical and spatial cues, collagen and fibrinogen microstamps can be micropatterned to yield different geometries, and platelet adhesion and spreading on those geometrically constrained protein patterns can be monitored ( Figure 1A and Figure 2 ). For example, platelet spreading is confined to patterned islands of fibrinogen "microdots" [58] . Further, using precisely dimensioned micropatterned protein stripes separated by blocked glass, it was found that, similar to other cell types, platelets extend filopodia to sense their environment, migrate to sites of detected protein, and spread on protein surfaces (both collagen and fibrinogen) with remarkable fidelity to pattern geometry. Stripe separations of < 5 µm (filopodia length of ~3 µm) caused platelet spreading to span the stripes. Additionally, platelets were able to adhere to protein patterns >0.6 µm, and at protein stripes of >5 µm, platelet surface area was confined to the patterned stamp. Biologically, actin was localized at the edge of the protein stripes, whereas the distribution of tubulin was unaffected, thereby indicating that spatial cues regulate specific biologic responses (Figure 2 ) [59] . Van de Walle et al monitored the aggregation of platelets on similarly patterned surfaces under hemodynamic flow conditions in a microfluidic device. They found that on stripes separated by ~5 µm, platelet aggregates were initially limited to the stripe geometry, but then readily bridged the gap; whereas at ~30 µm separation, bridging of aggregates was rare; in both cases, platelet filopodia were often seen to extend perpendicular to the patterned substrates. When length of patterns was decreased in the downstream direction to < 6µm, platelet adhesion was significantly decreased. αIIbβ3 integrin binding to fibrinogen was confirmed to be the cause of platelet aggregation in this system, as adhesion did not occur in the presence of a blocking antibody [60] .
DISCUSSION
Akin to other cells and cellular cytoskeletal processes, platelet adhesion and spreading is regulated by integrins and the actin cytoskeleton, and is mediated by similar signaling pathways. Platelets, however, are especially interesting due to their small, anucleate nature, the shortened time scale on which they produce forces, the high proportion of actin in their cytoskeleton, as well as their unique integrin, αIIbβ3. The structural simplicity of platelets likely allows for their highly efficient production and transduction of mechanical force and stimulus. Therefore, the techniques and concepts that were initially developed to study general cell mechanics should be applied to platelets to further our insight into how platelets interact with their mechanical and spatial microenvironment. As platelet mechanosensing occurs in the absence of gene expression, the platelet also decouples cellular mechanical processes that require genetic expression from those that only require existing cytoskeletal components and proteins. Importantly, a better understanding of platelet mechanotransduction will lead to a mechanical picture of the role of platelets in hemostasis and thrombosis, and may lead to new therapeutic targets. For instance, drugs that are found to reduce platelet contractility without totally impairing platelet function may help to render clots more susceptible to natural hemolysis. Further, knowledge of platelet response to mechanical cues will inform the design of surgical implants that reduce platelet deposition and clot formation, and thereby improve the lifetime and efficacy of the implant. Additionally, assays for the study of platelet mechanics could readily form the basis of future diagnostic and drug delivery platforms. Indeed, a recently introduced novel nanoparticle drug delivery technique draws inspiration from platelet shear activation. In this platform, microparticles break into nanoparticles when exposed to high shear stress, delivering therapeutics specifically to sites of vessel occlusion and minimizing overall drug dosages [61] . 
